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Introduction
Studies of the pollution burden contained in retrieved ice cores have indicated that industrial pollution is not a modern phenomenon; the industries of the ancient world have also left their mark in the form of enhanced lead and copper concentrations in the Greenland ice core record (Hong et al., 1994 (Hong et al., , 1996 This paper presents the results of a study of the skeletal chemistry of some of the people responsible for this ancient pollution, details of the environment in which they lived and a analysis of the toxicological implications. The analyses presented in this paper form part of an extensive integrated research project, which addresses the current and ancient environmental impact of large scale ancient metal mining and smelting in the desert of southern Jordan. Our aims are to determine the extent to which the ancient inhabitants were exposed to toxins released by the mining, ore processing and smelting activities in which they were engaged. This study is also of relevance to modern contexts, in particular for modern populations similarly exposed to heavy metal pollution, either in their workplace or in their environment.
The study area
The remnants of one of the major centres of copper mining and smelting in the ancient world may be found today in Wadi Faynan (Figure 1) , a remote wadi found in southwestern Jordan (Hauptmann et al., 1992; Hauptmann, 2000) , at the foot of the mountain front that forms the eastern flank of the Wadi Arabah. On the banks of the wadi lies Khirbet Faynan (Arabic: The Ruins of Faynan), the ruins of the Roman city of Phaeno, which is recorded in history as an industrial centre of the Roman world (Knauf and Lentzen, 1987; Klein and Hauptmann, 1999) . Khirbet Faynan itself was clearly the hub of an extensive metal processing industry. For º/10 km to the north and south, industrial archaeology in the form of numerous buildings, adits and shaft mines, ore spoil, furnaces and slag heaps may be found (Hauptmann et al., 1992; Hauptmann, 2000) .
Whilst the copper ores were the main objectives of the ancient industry, numerous other metals are present in significant quantities in copper bearing strata. The Faynan mines and adits penetrate complex ore bodies formed by several distinct phases of mineralization ¡/ variously involving copper and lead, which inevitably would have been liberated during quarrying and ore processing ( Alloway and Ayres, 1993) . Several major sedimentary rock formations are involved. These include the Numayr Dolomite limestone of the Burj Dolomite Siltstone Formation and the 'Umm Ishrin Sandstone. These sedimentary rocks include various shale horizons. They overlay a complex of metal-rich, fractured and water-yielding Proterozoic granitic and volcanogenic bedrocks (Bender, 1974; Barjous, 1992; Rabb'a, 1994; Hauptmann, 2000) . The logistical support required to maintain such a complex industrial network in this remote location must have been complex and it is no surprise that the industrial archaeology is closely associated with a complex and extensive irrigated field system of fields, designed and maintained to support the workforce, both slave and volunteer, in this remote arid area (Barker et al., 1998 (Barker et al., , 2000 .
Pollution studies and environmental toxicology in Wadi Faynan
The modern environment Although today, lying within the Dana Nature Reserve, an area considered an example of profound natural beauty, the pollution legacy of ancient metal extraction activities remains considerable (Gee et al., 1997; Maskall and Thornton, 1998) . noted that traditional foods prepared by the Bedouin of the area may be contaminated with high concentrations of lead and copper; while Grattan et al. (2003a) have reported significant enhancements of heavy metals within the floor sediments of Bedouin tents pitched within a kilometre of Khirbet Faynan; copper concentrations reached 2849 mg/kg soil, with the highest values measured around the hearths where food is prepared. The exceptional enhancement around the cooking hearths probably resulted from the combustion of plants as fuel, which contain high levels of absorbed metals; copper in the stem of Ephedra alte, frequently burned in these fires, was measured at 603 mg/kg dried plant . Ingestion of plants containing enhanced metal burdens also appears to be contaminating the modern invertebrate food chain ; the accumulation of metals by modern vertebrates is discussed in Pyatt et al. (1999) , where modern goat skeletons were shown to contain lead and copper in excess of 100 m g/g bone. These studies suggest that in the present day several pathways operate by which organisms may accumulate body burdens of heavy metals emitted by ancient industrial activities (Pyatt and Grattan, 2001) . These include the direct ingestion/inhalation of airborne metalliferrous dusts; the ingestion of food contaminated during preparation by metalrich dusts in the air, on the ground and via the release of adsorbed metals during the combustion of plant material during cooking; the ingestion of food, both animal and plant derived, containing metals absorbed during growth (Leita et al., 1991; Ylaranta, 1996; Moustakas et al., 1997) .
It is clear that modern exposure to metals derived from ancient industrial activities is considerable, which begs the question of the degree of exposure endured by the inhabitants of the area in ancient times, when the ore extraction and metal production was at its peak and what were/are the toxicological implications of inhabiting such a polluted area. These questions are considered below.
The ancient environment
Studies by Pyatt et al. (1999 Pyatt et al. ( , 2000 indicate that cereals grown in the irrigated field system and animals grazed on their products would have accumulated a significant burden of heavy metals. With urban and agricultural land use in close proximity to industrial processes in ancient times, not only miners and metal workers, but agricultural workers, administrators, indeed any occupant of the district (voluntary or involuntary), may have been exposed to potentially toxic concentrations of copper and other metals. In this respect, the Faynan region is identical to many modern industrially polluted areas (Kachur et al., 2003) . Additional pathways by which metals could have accumulated in the ancient occupants of Wadi Faynan include the inhalation of metalliferrous dusts and flue gases generated by industrial processes, such as mining, quarrying, ore preparation and smelting. Analysis of buried palaeosols, sediments which have accumulated in archaeological features and mine and smelting waste suggest that during ancient times the region was highly polluted; copper and lead concentrations ranged as high as 11 961 m g/g soil and 15 205 m g/g soil, respectively . In the developed world, contaminant values at these levels would invoke legislation and require intervention (Canadian Council of Ministers of the Environment, 1991), yet these are the remnants of pollution emitted between 4000 and 1500 years ago. These values suggest that we should consider the Faynan landscape, beautiful as it is today, to be a relict industrial zone and that Khirbet Faynan could be described as a huge abandoned smelting plant, which continues to generate toxicological problems in the modern environment.
The environmental and toxicological story is enhanced by the historical record. The intensive metallurgical activities at this site in the third and fourth centuries AD are popularly known from the writings of Bishop Eusebius of Caesarea. He described the notorious copper mines and furnaces to which slaves, criminals and Christians from Palestine and Egypt were transported and were 'damnatio ad metal'; a place 'where even a condemned murderer may live only a few days' (Eusebius, 1969; Schick, 1995) .
Ancient population
A preliminary analysis of the metal content of the skeletons of two individuals excavated from the Christian cemetery in Wadi Faynan (Findlater et al., 1998) indicated that the fifth century AD inhabitants had absorbed lead and copper in concentrations which indicated industrial exposure (Grattan et al., 2003b) . This current work develops that study by an analysis of the metal content of the excavated skeletons of 36 individuals, established by ICP-MS analysis.
Analytical methodology
The skeletons of 36 individuals dating from the Byzantine era, fourth¡/seventh century AD, were excavated in 1996 (Findlater et al., 1998; Karaki, 1999) and stored in the University of Yarmouk, Irbid, Jordan. The cemetery was located on an alluvial fan formed from the erosion of rocks of the Ghuweir volcanic series (Finlayson et al., 2000; Rabb'a, 1994) . Soil samples were also collected in order to establish the pre-copper smelting soil content and the residual industrial pollution in the modern landscape.
Samples of bone from each of the 36 individuals arrived at the laboratory in Aberystwyth presectioned and labelled. Labels indicated the grave from which the sample was collected and the specific bone from which the sample was carefully removed. The bones selected for analysis were precleaned with a soft brush to remove any remaining soil or detritus. Subsamples of the sectioned bones were removed and placed in an ultrasonic bath for five minutes. The cleaned bone samples were then placed under protective covers in a dust-free atmosphere and allowed to air-dry for 48 hours. The samples were weighed, bagged and relabelled, ready for analysis. Before analysis, the samples were placed in 100-mL conical flasks and 10 mL of Milli-Q water was added. To this 2 mL of H 2 O 2 was added, followed by 10 mL of conc HNO 3 . The flasks were covered with watch glasses and transferred to the fume cupboard where they were placed on a hotplate set at the lowest level and allowed to digest for 48 hours. Several blank solutions were made up simultaneously and in the same manner and these were transferred to the fume cupboard. When completely digested the samples were allowed to cool and to each 2 mL of Ru (5 m g/mL) was added. The Ru acts as an internal standard for the ICP-MS. A fresh batch of standard, known as 'All Elems.' was prepared. This is typically made up into 1-L batches and is a solution of Milli-Q water with 5% HNO 3 (v/v) and all the common elements at 100 ppb (with the exception of Ca and Fe at 1000 ppb). The cooled samples were transferred to 100-mL volumetric flasks and made up to the mark with Milli-Q water before being transferred to the ICP-MS facility. Prior to analyses the ICP-MS was run for an hour to 'warm up' and subsequently optimize using an in-house 'tune solution'; this ensured maximum output for any given analyte of interest.
Before sample analysis the blank sample was analysed (½/3) followed by the All Elems.' solution ( ½/3). Each of the digested bone samples was then analysed ( ½/ 1), every five to 10 analyses were made in duplicate. At the end of each run, (typically about two hours) a repeat analysis of the initial blank and 'All Elems.' was performed to check for instrument drift. Raw data (in counts per second) were manipulated online, using the internal standard (Ru) within the samples, calibrated against Ru within the 'All Elems.' standard. Data were available in m g/g. Calibrated data were downloaded and the recorded blank was subtracted from each of the samples to give actual trace metal content from each bone sample in m g/g.
The soil samples were transported to the laboratory in clean, relatively large plastic zip bags; each of the bags were subsampled and the resulting sample was weighed and recorded, bagged and relabelled. The new samples were placed in 100-mL conical flasks into which 10 mL of conc HNO 3 was added. These were placed in the fume cupboard, covered with watch glasses and allowed to digest for 72 hours. After digestion, the samples were filtered through a #1 Whatmann filter, into 100-mL volumetric flasks. Subsequently, 2 mL of Ru (5 m g/mL) was added to each flask and then made up to 100 mL with Milli-Q water. Blank samples were also prepared at this time. The samples were transferred to the ICP-MS laboratory and analysed following the same procedure as that previously described.
Results
The results of the chemical analyses of the bones are presented in Table 1 ; these indicate that while all the analysed samples contained some metal, 16 of the individuals analysed contained high concentrations of copper and lead. These data suggest either direct exposure to metals in the workplace, or as the result of living in a contaminated environment, or perhaps a combination of both. A comparison of the metal concentration in the bones examined with reference data compiled from a geographically remote and uncontaminated ancient human population (González-Reimers et al., 2001; González-Reimers et al., in press) suggest that 11 of the individuals examined had absorbed over four times the copper concentrations reported in the reference population; and that 19 individuals had absorbed over four times the lead concentrations reported in the reference population (Table 2) . Fourteen individuals contained over 25 m g/g copper, and eight contained over 70 m g/g copper. Copper content in the bones analysed was up to 70 times in excess of the typical figure for modern vertebrate bone, 4.2 m g/g (Scheinberg, 1979) , and up to 28 times the average value reported by Gonzalez-Reimers et al. (2001;  in press) for the ancient inhabitants of Fuerta Ventura (Tables 2 and 3 ). The average lead content in the Faynan skeletons was approximately 15 times higher than that recorded for the ancient populations of the Canary Islands, with 14 individuals containing lead burdens greater than 40 m g/g. Four individuals have lead concentrations above 100 m g/g bone, five between 50 and 99 m g/g bone Pollution studies in ancient Jordan J Grattan et al . and nine between 25 and 49 m g/g bone. Seven individuals have skeletal copper concentrations above 100 m g/g bone, and a further seven between 50 and 99 m g/g bone. In comparison with the Canary Island data, used here as reference values, the Faynan material may be considered to be markedly enhanced (Table 3 ).
In summary, many of the skeletons excavated from the South Cemetery in Faynan may be seen to contain copper and lead at concentrations far in excess of uncontaminated reference populations and which bear comparison with modern bone from areas considered to be contaminated today (Baranowska et al., 1995) . In particular, material retrieved from graves 5, 12, 25, 27, 67, 70, 73, 85, 88, 91, 101, 102, 104, 105, 113 and 117 contained notably high concentrations of both copper and lead (Figure 2) . These values are higher than those presented in Baranowska et al. (1995) , which reported the skeletal metal content of the inhabitants of Silesia, a report which emphasized that the individuals examined were living in an ecological/ toxicological disaster zone.
Soil samples were not recovered for each grave, but subsequent sampling of the fan sediments have yielded copper values ranging between 0.29 and 3.4 m g/g soil, lead values ranging between 0.28 and 3.56 m g/g soil.
Discussion
It is clear from the values reported above that most of the excavated skeletons from the Faynan cemetery contained copper and lead in concentrations higher than those reported for ancient populations that can be reliably assumed not to have been directly exposed to these metals. The possibility that post-mortem diagenesis is the source of these data should be considered. Oakberg et al. (2000) proposed that the metal content of ancient human bones could be used to infer exposure to metal processing activities, a view challenged by Pike and Richards (2002) , who suggested that the concentrations measured could be best explained by postmortem diagenesis; the exchange of ions between the bone and the soil. The average bone/soil ratio reported by Oakberg et al. (2000) for arsenic, which was the sole metal studied, was 9.5:1. Taking the average metal concentrations for the cemetery sediments as copper 1.7 m g/g soil and lead 1.4 m g/ g soil, it is possible to broadly indicate the average bone/soil metal ratio for Faynan; these are copper 30.9:1 and lead 30.4:1. We therefore propose that the concentration data reported here are unlikely to be the result of post-mortem diagenesis and are best explained by direct exposure to these metals, in the workplace and/or environment, during the latter part of their lifetime.
Another potential source of contamination is via exposure to lead in domestic use throughout the lifetimes of the individuals examined. Lead was used widely in the Roman world, both to line aqueducts and as drinking and eating utensils (Gilfillan, 1965; Waldron, 1988) and it is reasonable to suggest that some of the body burden of lead reported above comes from 'domestic' rather than industrial exposure. Nriagu et al. ( in press) inves- Pollution studies in ancient Jordan J Grattan et al . tigated the exposure of the 98 Roman skeletons to lead in their environment and noted that the concentrations of this metal in their samples ranged between 0.87 and 86 m g/g bone, with an average of 21 m g/g. In comparison, the Faynan bone lead concentrations range from 1 to 289.2 m g/g bone, with a mean of 42.49 m g/g bone. Nriagu et al. are careful to note that the samples studied represent a 'middle-class' population, enjoying their share of domestic conveniences, comforts and the 'finer things' in life. The individuals examined here cannot be described as middle-class. There was a paucity of grave goods and ample evidence in the skeletal pathology for lives spent in toil rather than comfort (Karaki, 1999) . The samples analysed in the present study were obtained from deep, not superficial, burials in an elevated part of this desert region; the cemetery is located well above the nearest dry wadi. In temperate parts of the world, cations can exhibit an enhanced affinity for the phosphate-rich apatite to be found in bones. However, in our research area, with its long-term arid climate, processes involving the mobilization of heavy metals by means of soil water are likely to have had extremely limited effects. Indeed, it may further be noted that in such arid areas decomposition of organic material, post-mortem, is also severely retarded. It should also be noted that the absorption processes we infer have been operating in the past are active in the present day and high levels of metal accumulation have been noted in the mammal, insect and plant species of the wadi .
Sixteen graves contained individuals whose bones contained lead and copper concentrations ( Figure  2 ) as high as any that have been reported from industrially contaminated modern sites (Baranowska et al., 1995) and this part of the Faynan population best bears comparison with modern industrially exposed workers (Table 4 ). In Sweden, the lead content of the bones of metallurgical workers were 40¡/100 m g/g bone (Ahlgren et al., 1976; Ahlgren and Mattsson, 1979) ; 11 of the Faynan samples had a lead content higher than 40 m g/g bone and three graves, 25, 67 and 102, had a lead content in excess of 100 m g/g bone; the highest value being a lead content of 289.3 m g/g bone (Figure 2, grave 67) . The highest copper value reported for Silesia was 5.17 m g/g bone; in stark contrast, the average value determined from the (Baranowska et al. , 1995) . Faynan material was 52.57 m g/g bone and the highest is 296.2 m g/g bone (Figure 2, grave 73) .
The copper concentrations determined also point to industrial processing and wider environmental contamination as being the most probable pathways by which this accumulation took place. Not all individuals excavated from Faynan have a bone metal content that indicates active involvement in the industrial process or long-term exposure to industrial byproducts. Nineteen individuals (56%) have bone metal content typical of the wider population at the time. Eusebius (1969) suggests that people condemned to work in Faynan were expected to die quickly in the harsh conditions there, and these individuals may bear silent testimony to that expectation, dying of exhaustion, sickness or disease before their bodies were able to accumulate an abnormal body burden of copper and lead. In summary, therefore, while 44% of the Faynan material (Figure 2) has the appearance of a population that has been exposed to heavy metals via multiple environmental pathways, probably the result of direct involvement in the extraction and processing of the metals, 56% appear to have died soon after they arrived in the area.
Health/toxicological implications
The metal burdens indicated in the bone analysed suggest that the metal workers of Faynan may have been vulnerable to a range of illnesses related to exposure to metals. Moderate symptoms of copper toxicity noted in the literature include: salivation, epigastric pain, nausea, ulceration of the nasal septum, vomiting and diarrhoea (Cohen, 1979; Mason, 1979) . Copper has also been shown to induce pulmonary inflammation (Rice et al., 2001) Additional serious health problems include intravascular haemolysis, hepatic necrosis and failure, haemoglobinuria, proteinuria, hypertension, tachycardia, acute renal tubular failure, coma and death (Williams, 1982) . Recently, Theophanides and Anastassopoulou (2002) have associated exposure to copper with damage to DNA and the subsequent development of cancers. Lead has a wide range of notorious impacts on human health, which will only be reviewed in outline here. Mobilization of this metal from the adult female skeleton may pose a threat to both the foetus and the nursing infant.
In adults it poses a risk for osteoporosis and it may disrupt the normal formation of calcium hydroxyapatite, critically weakening the bone (Wittmers et al., 1988; Skinner, 2000) . A recent example of lead poisoning has been described by Tandon et al. (2001) ; in this study refiners were exposed to lead as the result of the smelting of silver, a not dissimilar situation to that in Faynan, where lead was released through the smelting of copper ore. Symptoms included anaemia, abdominal colic, blue lining of the gum and muscular wasting. All of these would have been problematic for people forced to hard physical labour in Faynan
Conclusions
Industrial pollution and contamination are not solely legacies that the modern world leaves to the future. Ancient cultures needed metal and they too have left a legacy that persists into the present day. The lessons we may draw from Wadi Faynan are that careless exploitation of the landscape may impact upon the environment for thousands of years. This analysis of the bone metal content of people associated with Phaeno, one of the industrial centres of the ancient world, has painted a stark picture. Many of the people excavated had a bone metal content that suggests they were living in a contaminated environment, absorbing metals through pathways that continue to operate in the present day; in addition, a small group of individuals contained very high bone metal values, which indicate direct exposure to metals liberated during mining, ore preparation, perhaps a combination of all of these. The concentrations measured suggest that some of these individuals may have developed debilitating illness as a consequence of this. We have been left a stark account of life in the metal mines of Arabia in the second century BCE, which bears repeating, therefore long for death as far more desirable than life (Agricola, 1950, p. 279). Even moderate symptoms of copper toxicity must have made life unbearable for the unfortunate souls condemned to mines, mills and smelters, and small wonder, therefore, that Roman chroniclers stated that life expectancy was short in the mines and furnaces of Phaeno (Eusebius, 1969) . These analyses demonstrate that industrial regions in ancient times were as polluted and dangerous as their equivalents during the industrial revolution and that industrial workers in the Roman world accumulated significant body burdens of copper and lead.
